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Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the International 
Hellenic University. Its objective was to examine the flow behavior of cyclone separators that 
are used as gas cleaners in biomass industries and other industrial applications and exploit the 
derived gas as an energy source. The fundamental physics that inhere in the pattern of a fluid 
flow can be the essential tool for the improvement of cyclone performance. 
The physics of a flow field inside a cyclone is characterized by high complexity, the laws of 
which are expressed by partial differential equations that are not susceptible by analytical 
solutions. However they can be solved numerically and this is why commercially available 
Computational Fluid Dynamics programs are used to perform calculations and evaluate the 
performance of the cyclone. 
The work done in this thesis aims to evaluate the most appropriate model used in 
Computational Fluid Dynamics that describes accurately the flow field of a cyclone as regards a 
two-phase flow that consists of particles and gas. K-ε and RSM simulations are mainly 
undertaken with the latter being the most accurate. It is concluded that it is mandatory that 
Random Discrete Walk Model should be used in combination with a Reynolds Stress Model for 
a variety of particles injected into the cyclone. 
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Preface 
This master thesis focuses on cyclone separators and the fluid flow pattern regarding two-phase 
flows that consist of gas and particles. The first chapter is an introduction that describes the 
fundamental parts of a cyclone, its main function and a literature review of other similar works. 
Chapter 2 briefly describes the rules and laws that CFD simulations undergo. All of the physics 
of the CFD investigation are analyzed here.  
Chapter 3 goes deeply into the turbulence part of the problem as turbulence is the dominate 
characteristic of a flow inside a cyclone separator. The steps followed until the simulation 
processes are presented in this chapter as well.  
Chapter 4 includes all of the simulations and a part of analysis of the observations made 
throughout each graph.  
Finally, chapter 5 contains the conclusions of this thesis based on theory and assumptions 
carried out during the simulation processes.  
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1. Introduction 
1.1 What is a cyclone 
 
The cyclone is a robust gas cleaning device based on the principle of inertia and 
centrifugal forces caused by the swirling motion of the gas flow. There are no moving 
parts in the cyclone itself. Very small particles (~μm) are separated from a gas moving at 
about 10-15 m/s and with moderate pressure drop [3]. Depending on whether it is used 
for large (industrial control) or small (ambient and source sampling) scale, its geometry 
and size varies to suit all different requirements. Its main advantage is the geometrical 
simplicity and flexibility with respect to high temperature and pressure, providing a 
suitable industrial dedusting device with low manufacturing and maintenance costs. 
The first cyclone design was invented by John M. Finch in 1889. Its main difference with 
modern cyclones is that it did not include any conical shaped part and accordingly, dust 
came directly out of the cylindrical part. The continuous evolution and improvement over 
the years is a consequence of the cyclone’s wide use. Cyclones were initially used in 
processing grains and wood products. Their main function nowadays is to separate 
particles from a gas stream. Cyclones according to Hoffmann et al. are found in: 
 
 
 
 
 
 
 
 
 
 
  
A disadvantage of most cyclone separators is that they occasionally collect particles of 
coarse size resulting in an incapability of collecting particles of smaller diameters. 
Therefore, they are usually operating with other collectors such as bag filters and 
electrostatic precipitators [17]. Prior studies such as the publication of K.Elsayed and C. 
Lacor [11] have noted the importance of design and operation of a cyclone that result in 
collecting particles of very small diameters up to a few microns. 
Power stations
Spray dryers
Catalytic crackers
Dust sampling equipment 
Food processing plants
Vacuum cleaners
Cyclone gasifiers and combustors for the use of biomass derived gas in cogeneration plants
Crushing, separation, grinding and calcining operations in the mineral and chemical industries
Figure 1: Industrial Cyclone applications [3] 
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The industrial use of a cyclone has led to many studies over the cyclone in order to 
improve its performance by understanding the most crucial factors that affect it. Most 
recent studies were published during the 1930-40’s. They were motivated by the lack of 
available data regarding the fluid flow and the pressure drop of the cyclone for several 
geometries and operating conditions that will be presented in the literature review of this 
thesis in the following chapter. Pressure drop equations were introduced by Lapple and 
Shepherd (1939) and Stairmand (1949) stemming from semi-empirical approaches. 
Remarkable efforts by many investigators over the years were made for the reduction in 
pressure drop of a cyclone by either adjusting interior mechanisms such as vanes or 
adding external adjuncts such as two or even more particle inlets [17]. 
 
Within these centrifugal devices the two phase flow of gas and solid (e.g. dust) is forced 
into a swirling motion. Dust particles are flung at the inner walls of the cyclone and are 
slowly led downwards at the outlet of the cyclone. The following figure 1 is a sketch of a 
typical reversed flow cyclone with a tangential inlet [3]: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Simulations of this particular study have been performed based on a typical Stairmand 
high efficiency cyclone which is a standard reverse-flow cyclone with a tangential inlet. 
The purpose of the cross-sectional inlet is to force the two-phase flow to enter 
tangentially into the inner space of the device and acquire a spiraling motion. The gas 
swirls at the outer part of the separation space descending at the dust outlet.  
 
Figure 2 - Standard reverse flow cyclone [3] 
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1.2 The Cyclone geometry 
 
The main body of the cyclone consists of two significant geometries that are joined 
together: the cylindrical and the conical part. When the gas reaches the conical part and 
as the diameter narrows it is driven into an inner vortex with an axial movement that is 
upwardly directed. This inner vortex is a result of the air entering through the dust outlet 
at the bottom cone creating a low-pressure zone usually referred as the ‘air core’. This 
phenomenon is the so-called double vortex (figure 3) where the primary outer vortex is a 
downwardly induced axial flow and the inner vortex of smaller radius is an upwardly 
directed axial flow. As the diameter narrows at the conical section, the centrifugal forces 
can obtain higher values than the gravitational forces, leading to particle separation. Due 
to density differences of the particles and gas, centrifugal acceleration of the dispersed 
particles can obtain an immense value that forces them to drift towards the inner walls 
and become separated from the inner vortex. [16] 
As dust exits the device through the dust collector, gas exits at the top of the cyclone 
through a cylindrical part named “vortex finder” or “vortex tube” or “dip-tube”. The 
vortex finder is attached at the roof of the cyclone and extends downwards at the inner 
part of the cyclone. It has a significant effect on the cyclone performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - Double vortex sketch [14] 
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The geometry of a reverse flow cyclone with a single tangential inlet comprises of the 
following parts: 
 
 
 
 
 
 
 
 
 
 
 
1.3 Classification of study approaches 
 
Cyclone geometry is one of the most important parameters that influence the cyclone 
performance and shape of the fluid’s flow. Seven important parts that comprise of the 
cyclone’s geometry were previously presented, regarding a reversed flow cyclone with a 
single tangential inlet, such as the Stairmand type cyclone used for the purpose of this 
thesis. According to the literature review, all of the dimensions are expressed in terms of 
the cyclone’s body diameter D [22]. 
Regarding the numerous types of cyclone geometries and the effect that each of them has 
over the cyclone performance, they vary according to the approach of each model used 
for each study. There are four main models for the study of a cyclone’s performance: 
 
• Analytical methods  
• Experimental measurements 
• CFD simulations (Chapter 2) 
• Artificial neural networks (ANN) approach 
 
 
 
Body diameter D of the cylindrical section. All of the other parts are presented as a function of this
particular diameter.
Total height H of the cyclone. This is the height of the main cylindrical body and the conical part as w
Height of the conical section h
Diameter of the vortex finder De (or Dx in some publications)
Length of the vortex finder S
Height a and width b of the tangential inlet
Diameter of the dust outlet Bc
Figure 4: Parts of the cyclone 
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1.3.1 Analytical methods 
 
Theoretical or mathematical models are a conventional method of predicting the flow 
pattern and the collection efficiency of a cyclone. Researchers like Shepherd and Lapple, 
Alexander, Stairmand, Barth, Avci and Karagoz, Zhao and Chen and Shi developed these 
models that were derived from physical explanations and mathematical equations. In 
order to cope with such models, it is necessary that there is a thorough comprehension 
of fluid mechanics and energy dissipation mechanisms in cyclones. Additionally, different 
assumptions and settings of the boundary conditions, with the concurrence of a different 
theoretical model, can lead to significant differences between predicted and actual results. 
Numerous assumptions and simplifying conditions, along with theories developed by many 
researchers, aim to estimate pressure drop and particle collection efficiency. The most 
acknowledged mathematical models for the assessment of the pressure drop, particle 
collection and cut-off diameter are [22]: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Barth model
Muschelknautz method of modeling (MM)
Stairmand Model
Shepherd and Lapple model
Casal and Martinez-Bent model
Ramachandran model
Iozia and Leith
Greif
Rietema
Leigh and Leicht
Figure 5: Mathematical models for the prediction of the 
flow pattern 
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1.3.2 Experimental measurements 
 
Many experiments have been performed over the past 50 years on cyclone separators. In 
order to acquire a shape of the flow field for each investigation, two different techniques 
have been mostly used: the Laser Doppler Velocimetry (or Laser Doppler Anemometry) 
and the Particle Image Velocimetry (PIV). Some of the studies take into account only 
pressure drop and particle collection efficiency, without including any flow pattern 
considerations [22]. Dirgo and Leith performed several experiments on a Stairmand high 
efficiency cyclone and measured the pressure drop and collection efficiency for a wide 
range of flow rates. According to Hoekstra et al. “mean and fluctuating velocity 
components were measured for gas cyclones with different geometric swirl numbers by 
means of laser-Doppler velocimetry [23]. The experimental data show the strong effect 
of the geometric swirl number on mean flow characteristics, in particular with respect to 
vortex core size and the magnitude of the maximum tangential velocity. It is shown that 
the forced vortex region of the flow is dominated by the so-called precessing vortex core 
[23].” 
Hoffmann et al. [3] studied the effect of the cyclone length on the separation efficiency 
and pressure drop both theoretically and experimentally. They altered the length of the 
main cylindrical body of a reversed flow cyclone and measured the effect of each design 
on the separation efficiency. They found for cyclone lengths from 2.65 to 6.15 cyclone 
diameters, a marked improvement in cyclone performance with increasing length up to 
5.5 cyclone diameters; beyond this length the separation efficiency was dramatically 
reduced [22]. 
Artificial Neural Networks are not considered in this thesis and will not be further 
examined.  
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Table I
 1.4 Literature review 
 Author-Title Geometry 
Software 
used Dimensions Model Cells 1 "Numerical study of gas-solid flow in a cyclone separator" - [ B. Wang , D.L. Xu  ,G.X. Xiao, K.W. Chu, A.B. Yu ], [7] Lapple Cyclone Fluent v6 a/D=0.5 b/D=0.25 De/D=0.5 S/D=0.625 h/D=2.0 H/D=4.0 Bc/D=0.25 N/A N/A RSM and Stochastic Lagrangian model 45750 , Structured Hexahedron Grids 2 "Cyclone gasifier and cyclone combustor for the use of biomass derived gas in the operation of a small gas turbine in cogeneration plants"–[C. Syred, W. Fick, A.J. Griffiths, N. Syred] , [37] 
Inverted cyclone gasifier coupled to a cyclone combustor in series 
Fluent v6 N/A N/A N/A N/A N/A N/A N/A N/A N/A RSM N/A 
3 "CFD Modeling and multi-objective optimization of cyclone geometry using desirability function, artificial neural networks and genetic algorithms"- [KhairyElsayed, Chris Lacor][13] 
Stairmand Fluent v6 a/D=0.5 b/D=0.2 Dx/D=0.5 Ht/D=4 S/D=0.5 Bc/D=0.375 h/D=1.5 Li/D=1.0 Le/D=0.5 RSM 986748, 717353, 362679 , Structured Hexaedron grids 
New Design a/D=0.256 b/D=0.151 Dx/D=0.415 Ht/D=4.56 S/D=0.5 Bc/D=0.375 h/D=1.5 Li/D=1.0 Le/D=0.5 848783, 622253, 356151 Structured Hexahedron grids 4 "Numerical calculation of particle transport in turbulent wall bounded flows" - [M. Sommerfeld, Chi Anh Ho], [25] Stairmand Fluent v4 a/D=0.5 b/D=0.2 Dx/D=0.5 Ht/D=4 S/D=0.5 Bc/D=0.375 h/D=1.5 Li/D=1.0 Lb/D=1.5 standard k-ε , RSM  5 "Advances in cyclone modeling using unstructured grids" - [ M.D. Slack, R.O Prasad, A. Bakker, F.Boysan], [20] Stairmand Fluent v5 a/D=0.5 b/D=0.2 Dx/D=0.5 Ht/D=4 S/D=0.5 Bc/D=0.36 h/D=1.5 Li/D=1.0 Lb/D=1.5 RSM Coarse and unstructured grid of 40000 cells LES Coarse and unstructured grid of 640000 cells 6 "The influence of temperature and inlet velocity on cyclone pressure drop : a CFD study" – [JoliusGimbun, T.G. Chuah, A. Fakhru'l-Razi, Thomas S.Y. Choong ][1] 
Stairmand Fluent v6 a/D=0.5 b/D=0.2 De/D=0.5 S/D=0.5 h/D=1.5 Ht/D=4.0 Bc/D=0.375 Li/D=1.0 Da=0.305 RSM second order upwind Standard fluent wall functions were applied and high order discretisation schemes Bohnet a/D=0.533 b/D=0.133 De/D=0.333 S/D=0.733 h/D=0.693 Ht/D=2.58 Bc/D=0.333 Li/D=1.0 Da=0.15 
7 "Optimization of the cyclone separator geometry for minimum pressure drop using mathematical models and CFD simulations" - [Khairy Elsayed, Chris Lacor] [11] 
Stairmand Fluent v8 a/D=0.5 b/D=0.2 De/D=0.5 S/D=0.5 h/D=1.5 Ht/D=4.0 Bc/D=0.36 Li/D=1.0 Le/D=0.618 RSM 134759 Structured Hexahedral cells New Design a/D=0.618 b/D=0.236 De/D=0.618 S/D=0.618 h/D=1.618 Ht/D=4.236 Bc/D=0.382 Li/D=1.0 Le/D=1.618 154746 Structured Hexahedral cells 8 "Computational Fluid Dynamics (CFD) and empirical modeling of the performance of a number of cyclone samplers" - [W.D.Griffiths, F.Boysan], [28] 
Kim and Lee Fluent a/D=0.414 b/D=0.228 De/D=0.304 S/D=1.167 h/D=1.445 Ht/D=3.054 Bc/D=0.482   RNG Based k-ε Non-orthogonal grids 41x24x36 lines (z,r,θ) Stairmand a/D=0.5 b/D=0.2 De/D=0.5 S/D=0.5 h/D=1.5 Ht/D=4.0 Bc/D=0.375 Li/D=1.0 Le/D=0.618 Non-orthogonal grids 78x24x40 lines (z,r,θ) Aerojet general cyclone a/D=0.477 b/D=0.277 De/D=0.334 S/D=1.154 h/D=1.462 Ht/D=3.046 Bc/D=0.092   Non-orthogonal grids 53x24x51 lines (z,r,θ) 9 "Performance comparison of a single and triple tangential inlet gas separation cyclone: A CFD study"– [ David Winfield, Mark Cross,Nick Croft,David Paddison,Ian Craig][32] 
Single inlet cyclone Fluent v13      Ht/D=3.788    RSM Unstructured Hexahedral mesh Triple inlet cyclone N/A N/A N/A N/A N/A Ht/D=3.788 N/A N/A N/A Unstructured Hexahedral mesh 
10 "An experimental and numerical study of turbulent swirling flow in gas cyclones" - [A.J.Hoekstra,J.J. Derksen,H.E.A Van Den Akker], [23] 
Innovative design of three different vortex finder diameters 
Fluent 4.4.7 a/D=0.862 b/D=0.19 De/D=0.372 S/D=1.293 h/D=2.413 Ht/D=4.655 Bc/D=0.25 N/A N/A standard k-ε , RNG k-ε, RSM 15000 cells of undefined grid De/D=0.465 
De/D=0.655 
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1.5 How the cyclone works - Particle flow 
 
Particles injected through the tangential inlet into the inner part of the cyclone undergo 
an inwardly directed drag force and an outwardly directed centrifugal force. The point at 
which gas experiences a swirling flow and particles that move along with it, are bound to 
a centrifugal force, with an outward direction towards the inner walls of the cyclone, is 
called the “separation space”. Separation space varies depending on the numerous 
cyclone geometries. 
Centrifugal force is analogous to the mass of the particle and hence to its diameter: 𝑥𝑥3 
The drag force is applied due to the gas flow from the outer part to the inner part of the 
vortex and is analogous to 𝑥𝑥 at least when Stokes law is applied. Since it is not easy to 
study the model of the flow experimentally, we utilize CFD simulations in order to 
demonstrate the pattern of the flow field of a particle in a cyclone. 
As it is noted later on, on this thesis, there is a critical value of the particle diameter for 
each cyclone geometry (depending on the dimensions of each case), at which the particles 
are not collected with high collection efficiency or are not collected at all for smaller 
values. It is observed that some particles of the same diameter, exit through the vortex 
finder, while others, injected closer to the wall, are collected and removed from the 
cyclone through the dust exit. Parameters such as cyclone diameter and overall geometry, 
gas inlet velocity and particle density should always be taken into account for each flow 
pattern [3]. 
 
1.5.1 Particle separation 
 
The particle separation process is a result of a centrifugal force field and a drag force field 
that act radially outwards and inwards respectively. Centrifugal force accelerates the 
settling rate of particles and in accordance with the gravitational field as well, it 
determines the ratio of the separation. The denser particles obtain a higher centrifugal 
acceleration and are slung to the inner part of the outer walls, where the settling velocity 
has its lowest values resulting in a spiral flow pattern and therefore exit the cyclone 
through the dust outlet. 
For particles of a smaller diameter, the centrifugal force is of a lower value. On the other 
hand, the drag forces that act can be sufficient enough to force the particles towards an 
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inward radial movement where the inner vortex ascends. The trajectories of these 
particles follow the inner vortex movement and exit through the vortex finder with the 
rest of the gas. However, as a particle follows the radius of the outer wall and due to its 
tangential velocity, the centrifugal force acting on it will increase. Hence, the balance of 
the two forces could become equal at some specific radius of the wall where the radial 
movement stops and the particle revolves at a trajectory of a constant radius [16]. A 
secondary effect such as turbulent eddies and collisions with other particles could also 
result in a change of the particle’s path [38]. 
There are two effects that determine a particle’s separation of the flow: the first is the 
centrifugal field and the settling of the particle at the inner vortex while the second one is 
the limited capacity of a gas to withhold a specific number of particles. Centrifugal force 
field is applied due to the swirling motion of the fluid at the cyclone’s geometry. When 
the centrifugal acts on a particle, it evokes a radial settling velocity which is greater for 
denser particles and lower for finer particles. Denser particles will agglomerate at the wall 
while finer particles will normally reach the inner vortex depending on the cut size and 
Efficiency Grade Curve which will be examined next. 
As it is already mentioned, double vortex is a secondary flow that greatly affects the 
particle separation. The upper part of the vortex shortcuts the flow meaning that all of 
the particles that follow the flow will be removed from the dust exit. Bad designing of a 
cyclone can result in a significantly poor performance. The lower part of the vortex can 
cause some of the already separated particles to re-enter the device. Additionally, if there 
is a leakage between the cyclone and the dust collector, the vacuum pressure at the core 
of the cyclone can lead into a leakage of the fluid in the dust collector. As a result, the 
leakage of the fluid could entrain some of the separated particles on its way and therefore 
result in poor separation efficiency [16]. 
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1.5.2 Separation Efficiency 
• Overall separation efficiency 
Regarding the overall separation efficiency of the cyclone, three fractions are taken into 
account. A portion of solid is fed into the separation space through the inlet, some of this 
portion is captured (also called the underflow or collected dust) and some is emitted 
(also called overflow) through the vortex finder at the top of the device. The mass 
balance equals to:   
 
𝑀𝑀𝑓𝑓 = 𝑀𝑀𝑐𝑐 + 𝑀𝑀𝑒𝑒               (1) 
Where, 
𝑀𝑀𝑓𝑓  is the feed mass 
𝑀𝑀𝑐𝑐  is the captured mass 
𝑀𝑀𝑒𝑒  is the emitted mass 
 
The overall separation efficiency η equals the mass fraction of the feed solids collected by 
the cyclone: 
𝜂𝜂 = 𝛭𝛭𝑐𝑐
𝑀𝑀𝑓𝑓
= 1 −𝑀𝑀𝑒𝑒
𝑀𝑀𝑓𝑓
= 𝑀𝑀𝑐𝑐
𝑀𝑀𝑐𝑐 + 𝑀𝑀𝑒𝑒               (2) 
 
In terms of industrial use, overall separation efficiency is the most important part. 
However, it is not an appropriate measure of the actual separation efficiency of a cyclone, 
as for example it does not generate useful conclusions regarding the relation between 
particle size and collection efficiency [3]. 
 
• Grade efficiency 
A cyclone’s separation characteristics are best described by the so-called grade efficiency 
curve or GEC, which is the separation efficiency for a particular feed particle size or a 
range of particle size [1]. 
If the mass density distributions or the differential volume of the dust fed into the 
cyclone, the captured and the emitted portions of the feed are 𝑓𝑓𝑓𝑓(𝑥𝑥),𝑓𝑓𝑐𝑐(𝑥𝑥) and 𝑓𝑓𝑒𝑒(𝑥𝑥) 
correspondingly, the mass balance of the particles with a diameter varying between x-
1/2dx and x+1/2dx is: 
 
𝑓𝑓𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥 = 𝜂𝜂 ∗ 𝑓𝑓𝑐𝑐(𝑥𝑥)𝑑𝑑𝑥𝑥 + (1 − 𝜂𝜂)𝑓𝑓𝑒𝑒(𝑥𝑥)𝑑𝑑𝑥𝑥 = 𝑑𝑑𝑑𝑑𝑓𝑓(𝑥𝑥) = 𝜂𝜂𝑑𝑑𝑑𝑑𝑐𝑐(𝑥𝑥) + (1 − 𝜂𝜂)𝑑𝑑𝑑𝑑𝑒𝑒(𝑥𝑥)    (3) 
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In order to be more specific and try to approximate the particle size differentially with a 
fixed but rather narrow value for dx, it is assumed that 10% of the feed solids into the 
inlet lie within a 5μm band centered of a specific particle size x. Additionally, the 
measurements show that 80% of the particles between this band are captured and 
constitute 6% of the collected material. Similarly, 30% of the particles emitted compose 
the 26% of the emitted solids. Equation (3) is integrated in a manner such as to generate a 
mass balance of the dust mass with particle size less than the x quantity: 
 
𝑑𝑑𝑓𝑓(𝑥𝑥) = 𝜂𝜂 ∗ 𝑑𝑑𝑐𝑐(𝑥𝑥) + (1 − 𝜂𝜂)𝑑𝑑𝑒𝑒(𝑥𝑥)       (4) 
 
The grade efficiency is expressed as a fraction of the ingoing solids with varying diameter 
between x-1/2dx and x+1/2dx and are collected in the cyclone: 
 
𝜂𝜂(𝑥𝑥) = 𝑀𝑀𝑐𝑐𝑓𝑓𝑐𝑐(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑𝑥𝑥
              (5) 
Finally from (2), (3), and (4) we have: 
 
 
𝜂𝜂(𝑥𝑥) = 𝜂𝜂 𝑓𝑓𝑐𝑐(𝑥𝑥)
𝑓𝑓𝑓𝑓(𝑥𝑥) = 1 − (1 − 𝜂𝜂) 𝑓𝑓𝑒𝑒(𝑥𝑥)𝑓𝑓𝑓𝑓(𝑥𝑥) = 1 − (1 − 𝜂𝜂) 𝑑𝑑𝑑𝑑𝑒𝑒(𝑥𝑥)𝑑𝑑𝑑𝑑𝑓𝑓(𝑥𝑥)              (6) 
 
The Grade Efficiency Curve is accordingly the following curve: 
 
 
 
 
 
 
 
 
 
 
Figure 6: Grade Efficiency Curve [3] 
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If the efficiency of the separating process is ideal, Grade Efficiency Curve has the tendency 
to become perpendicular to x axis at the x50 coordinate usually named as critical or cut 
size. However, this is not possible for the following occurrences:  
 
• As it is already mentioned, particles of the same diameter can be either collected or exit 
the cyclone depending on the entry position at the inlet.  
•There are several factors such as turbulent particle dispersion due to the fluid 
turbulence, wall roughness and surface irregularities that cause back mixing. According to 
Sommerfeld et al. wall roughness increases the average rebound angle of the particles and 
therefore reduces the separation efficiency of small particles up to about 2μm and the cut 
size is slightly increasing [25].  
• Depending on the cyclone geometry that might not have been efficiently designed, some 
particles with a diameter greater than the critical diameter d50 can re-enter the cyclone 
through the dust outlet. 
• Particles with a diameter smaller than the cut-off diameter d50 can probably merge with 
others of a higher diameter and get split from the flow. 
• There is always a chance of erosion inside the cyclone. 
 
For the aforementioned reasons the shape of the Grade Efficiency Curve is similar to the 
one of figure 6. The cut size which is referred as cut-off diameter d50 is taken as the size 
that is separated with a fractional efficiency of 0.5: x50 and is produced by the spin of the 
inner vortex [11]. The cut size is analogous to the screen openings of an ordinary sieve or 
screen (Hoffmann and Stein, 2008). It is the parameter that determines the horizontal 
position of the cyclone Grade Efficiency Curve [3].  
Thus, in addition to the overall separation efficiency of a cyclone, x50 cut point and the 
GEC are the actual measurements of a cyclone regarding its separation capability.   
 
1.5.3 Pressure drop 
 
Pressure drop is an important parameter that determines the efficiency of a cyclone. 
According to the literature, definitions are based on empirical, theoretical or a mixture of 
both data.  Leith and Jones [5] compared experimental data and expressions to define the 
overall cyclone pressure drop as the static pressure differential across the cyclone. Similar 
approaches are given by Muschelknautz and Krambrock [21], Hoffmann et al. [3] and 
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Bohnet [31]. In contrast to the experimental work, most theoretical expressions consider 
energy losses at the different locations in the cyclone. Using this approach, Barth [33] 
defines cyclone pressure drop by subtracting the total pressure averaged on an axial plane 
at the outlet from that at the inlet. A similar approach was presented by Stairmand [19]. 
Pressure drop of a cyclone consists of losses at the inlet, outlet and the entire cyclone 
body. Wall friction and contractions of the inner vortex, as it enters the vortex finder, 
cause the pressure to drop in the cyclone. Similarly, total pressure drop is caused by two 
contributions. The first contribution is of the friction that occurs between the air and the 
wall surface or the air, the solids and the wall surface and constitutes up to an 80% of the 
total pressure drop. It depends on the tangential velocities, friction factor and the surface. 
The remaining 20% of the total pressure drop is due to the pressure drop at the vortex 
finder and is determined by the relation of the tangential velocity, the radius and the mean 
axial velocity in the vortex finder [16].In order to improve the cyclone’s efficiency, 
pressure drop should be minimized. However, this comes in contrast with the increase in 
the separation efficiency as every measure for the improvement of the separation 
efficiency, further increases pressure drop.  
When particles are injected into the cyclone, they tend to decrease pressure drop. Gas 
momentum at adjoining layers tends to equalize in the radial direction due to particle’s 
presence within the cyclone body. This results to a reduction of the tangential velocity 
and therefore, reduces the total pressure drop as a consequence of the energy losses of 
the turbulence and friction losses at the wall. There are cases when friction losses 
increase and thus increase total pressure drop. This phenomenon occurs due to 
increased particle concentrations as they collide with other particles or with the walls of 
the cyclone.  
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2. Chapter 2 - Computational Fluid Dynamics 
2.1 Review 
 
A booming field of research over the last 20 years due to the improved computer power 
and numerical methods is Computational Fluid Dynamics (CFD). CFD is based on the 
basic principles of the conservation laws of mass, momentum and energy [Appendix I]. 
These laws are expressed by partial differential equations. The discharge rate of a variable 
in a control volume is equal to the input rate plus any other change of this variable that 
occurs in the control volume. A partial differential equation is the set of such conditions 
each of them representing an effect per unit volume and the sum of them constitutes the 
conservational law. These equations can be solved numerically which is a great advantage 
of the Computational Fluid Dynamics as it involves perplexing fields of numerous cells 
(control volumes) where analytical solutions can’t be implemented. For a differential 
equation that describes behavior over time, the numerical method starts with the initial 
values of the variables, and then uses the equations to figure out the changes in these 
variables over a very brief time period which is found as “time step” in the literature. It’s 
only an approximation, but it can be a very good approximation under certain 
circumstances. Thousands of repetitive calculations are involved and thus they can only be 
performed by the use of an advanced computer [36]. 
One of the first CFD simulations was done by Boysan et al. (1982). In order to reduce 
the computational effort for solving with a Reynolds averaged Navier-Stokes equation (7), 
the gas flow field was resolved in an axisymmetric Eulerian Framework instead of 3D. 
Particle flow was solved by the use of Lagrangian method.  
 
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕
+ 𝑢𝑢𝑗𝑗 𝜕𝜕𝑢𝑢𝑖𝑖𝜕𝜕𝑥𝑥𝑗𝑗 = − 1𝜌𝜌𝑔𝑔 𝜕𝜕𝜕𝜕𝜕𝜕𝑥𝑥𝑖𝑖 + 1𝜌𝜌𝑔𝑔 𝜕𝜕𝜕𝜕𝑥𝑥 �𝜇𝜇 𝜕𝜕𝑢𝑢𝑖𝑖𝜕𝜕𝑥𝑥𝑗𝑗 + 𝜏𝜏𝑖𝑖𝑗𝑗 �              (7) 
 
Where:  𝑢𝑢𝑖𝑖  is the mean velocity component 
             𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖
 is the mean pressure gradient and  
             𝜏𝜏𝑖𝑖𝑗𝑗  is the Reynolds stress tensor 
 
Many studies regarding cyclone separators and the use of CFD, have applied the same 
approximation. First of all, according to Boysan et al. [24] turbulence model that is based 
on the assumption of isotropy can’t be used in highly swirling flow cases. This is also 
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mentioned in several papers of the literature review. Secondly, it is feasible that all the 
derivatives with respect to the tangential direction can be ignored, as the flow loses its 
3D character at a short distance from the tangential inlet [17]. 
There are several turbulence models and different geometries used for each case and 
application of a cyclone. Bernard et al. [18] (1989) applied the same scheme as Boysan et 
al. to describe the gas flow field and pressure drop of a Lapple cyclone operating at high 
temperatures. The turbulence model used in this case is an algebraic approximation of full 
Reynolds Stress Transport Model (RSTM) and is called Algebraic Stress Model (ASM). 
Hoffmann et al. [3] presented the Grade Efficiency Curve of a Stairmand cyclone, by using 
the algebraic stress model and compared it to experimental and empirical results as well. 
Zhoo and Soo (1990), according to Hoekstra [17], used the standard k-ε model and 
compared it to LDA (Laser Doppler Anemometry) data that they had already 
investigated. Their conclusions were that the k-ε model is capable of predicting the flow 
of even the double vortex of the cyclone. 
Boysan’s approximation was applied to calculate the pressure drop and the grade 
efficiency curve for several geometries of a cyclone by Griffiths and Boysan [28]. They 
created the cyclone geometry and used a structured 3D grid in order to generate the 
mesh. They used the RNG k-ε model and solved 3D RANS equations. More details about 
these models will be described in chapter 4. RNG k-ε model takes into account the 
rotating effect in turbulence viscosity calculations. This approximation describes the 
relation of the strong swirling flow of the fluid and the turbulent stress anisotropy. Both 
pressure drop and grade efficiency curves were in reasonable agreement with 
experimental results. 
Finally, according to Hoekstra [17], a CFD simulation of a 3D gas cyclone separator using 
the Reynolds Stress Transport Model was performed by Viollet et al. (1992). Particle 
trajectories were predicted by means of a Lagrangian method. The effect of turbulent 
dispersion and wall adhesion on the grade efficiency curves was pointed out. An 
alternative approximation of the Lagrangian modeling of the particle trajectories is the 
two-fluid approach applied by Kitamura and Yamamoto (1999) according to Hoekstra 
[17]. The particulate phase is treated as a continuity of mono-dispersed particle size 
distribution. Two, or multiphase flows interactions, are taken into account while single-
phase flows are imperceptible.  
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Two important conclusions come out of this review according to Hoekstra [17]:  
• Special care should be given when deciding with regard to the cyclone geometry and 
which turbulence model can be applied  
• Accurate experimental data of the collection efficiency and velocity profiles are 
mandatory for the extraction of useful and accurate CFD simulations 
 
2.2 Solving the gas flow field 
 
The governing equations of mass, momentum and energy [Appendix I] need to be 
averaged in order to solve the gas flow field. Turbulent flows are characterized by various 
velocity fields. Because of the fluctuating velocity fields, transported quantities such as 
energy, momentum and mass can fluctuate as well [12]. The instantaneous equations of 
mass, momentum and energy, presented in the Appendix I, are computationally too 
expensive to solve directly, as there are many fluctuations of the transported quantities 
that can occur very frequently even at small scale. Thus, the governing instantaneous 
equations can be time-averaged to remove the small scales [12], in order to reduce the 
computational costs from the solution of the gas flow field. However, averaging the 
equations means that the closure problem arises and more specifically, the number of 
variables due to the additional unknown variables is greater than the number of the 
averaged equations. In order to overcome the closure problem, different turbulent 
models are used [4].  In this thesis, ANSYS Fluent 14.5 was used. The available turbulence 
models are listed below: 
 
 
 
 
 
 
 
 
 
 
 
 
Spallart-Almaras model
k-ε models (Standard, RNG, Realizable)
k-ω models (Standard, Shear-stress transport SST)
Transition k-kl-omega
Transition Shear-stress transport (SST)
Reynolds Stress Model (Linear pressure strain RSM model, Quadratic pressure strain
RSM model, Low-Re stress omega model)
Scale adaptive simulation
Detached eddy simulation (DES) model (Spallart-Almaras RANS model, Realizable k-ε 
RANS model, SST k-ω RANS model)
Large Eddy Simulation (LES) model (Smagorinsky-Lilly subgrid-scale model, WALE
subgrid-scale model, Kinetic-energy transport subgrid-scale model)
Figure 7: Turbulent models in ANSYS Fluent 14.5 
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According to Gimbun et al. [1] RSM is a more accurate model regarding the pressure 
drop at any operating conditions for a cyclone separator. However, it requires much 
more expensive computational effort than the RNG k-ε model. According to Hoekstra 
[17], Reynolds Stress Model describes more accurately than two-equation models the 
vertical velocities, and should therefore be used in cyclone separators. Similar reports will 
be examined over the turbulent model of each cyclone case more analytically in chapter 
4. 
2.3 Classification of Multiphase flows 
 
There are numerous industrial applications where multiphase flows can be met. For 
example, when transient flows shift from liquid to gas phase due to separated flows, 
external heating, or dispersed two phase flows as the simulated flow of this thesis. In the 
gas-solid flow of the cyclone, the solid phase is present in the form of particles while the 
gas phase is the air entering through the inlet duct.  Dispersed two-phase flows vary in 
numerous technical and industrial processes. Figure 9 summarizes the different phases 
that can be encountered on the left side, while on the right side are listed some industrial 
applications of the most important industrial processes [27] 
 
 
 
 
 
 
 
Figure 8: The available models in ANSYS Fluent 14.5 
Continuous/Dispersed phase Industrial/Technical Application
Gas-solid flows pneumatic conveying, particle separation in cyclones and filters, fluidized beds
Liquid-solid flows hydraulic conveying, liquid-solid separation, particle dispersion in stirred vessels
Gas-droplet flows spray drying, spray cooling, spray painting, spray scrubbers
Liquid-droplet flows mixing of immiscible liquids, liquid-liquid extraction
Liquid-gas flows bubble columns, aeration of sewage water, flotation
Figure 9: Multiphase flows and industrial applications [27] 
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2.4 Particle Motion in Fluids-Discrete phase modeling 
 
In this chapter, all forces that appear on a particle’s trajectory in a fluid are presented. 
The particle’s motion is described by solving a system of differential equations along its 
trajectory so as to approximate it in a Lagrangian way. Hence, the position and velocity 
perspectives that describe its motion (angular, linear) are calculated [27]. 
2.4.1 Drag Force 
 
Drag force is the dominant force in two-phase flow systems acting opposite to the 
particle’s movement relatively to the fluid’s motion. For considerably higher Reynolds 
numbers a drag coefficient 𝐶𝐶𝐷𝐷 is introduced in order to describe the drag force: 
 
𝐶𝐶𝐷𝐷 = 𝑑𝑑𝐷𝐷𝜌𝜌𝑑𝑑2 (𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢𝜕𝜕����⃗ )𝐴𝐴𝜕𝜕               (8) 
 
𝐴𝐴𝜕𝜕 = 𝜋𝜋4𝐷𝐷𝜕𝜕2 Is the cross-section of a spherical particle 
 The drag force becomes: 
 
?⃗?𝑑𝐷𝐷 = 34𝜌𝜌𝑑𝑑𝑚𝑚𝜕𝜕𝜌𝜌𝛲𝛲𝐷𝐷𝜕𝜕 𝑐𝑐𝐷𝐷(𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢𝜕𝜕����⃗ )|𝑢𝑢𝑑𝑑����⃗ −  𝑢𝑢𝜕𝜕����⃗ |              (9)   
 
The spherical shape of the particle is highly dependent on the particle Reynolds number:  
 
𝑅𝑅𝑒𝑒𝑝𝑝 = 𝜌𝜌𝑑𝑑𝐷𝐷𝜕𝜕(𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢𝜕𝜕����⃗ )𝜇𝜇𝑑𝑑               (10) 
 
According to the Reynolds number value, the drag coefficient varies. 
 
• For Rep<0.5 viscous forces dominate and no separation is detected. According to Stokes, 
an analytic solution for the drag coefficient is feasible. 
 
𝐶𝐶𝐷𝐷 = 24𝑅𝑅𝑒𝑒𝜕𝜕               (11) 
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The aforementioned scheme is referred as Stokes-regime. [27] 
 
• For the intermediate region that occurs as a mixture of laminar and turbulent with 
Reynolds numbers in the region of 2300≤Rep≤1000 inertial forces have a significant effect 
on the flow. Above a critical value of the Reynolds number, there is a separation of the 
flow around the particle. The separation is originally symmetric but becomes asymmetric 
for higher Reynolds numbers. 
 
• According to Newton-regime [27] and above 𝑅𝑅𝑒𝑒𝜕𝜕  » 1000 the drag coefficient remains 
almost constant up to the critical Reynolds number 
 
𝐶𝐶𝐷𝐷 ≈ 0.44              (12) 
 
• There is a critical value of Reynolds number (𝑅𝑅𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝜕𝜕 ≈ 2.5 ×105) where a change from 
laminar to turbulent boundary layer is observed around the particle. This results in a 
significant decrease of the drag coefficient and the particle wake accordingly. 
 
• Figure 10 describes the cases mentioned so far. There is a region for super-critical 
values of Reynolds number (𝑅𝑅𝑒𝑒𝜕𝜕> 4.0 ×105) where the drag coefficient increases steadily. 
However this region is not realistic for practical particulate flows. 
 
 
 
 
 
 
 
 
 
There are many other physical effects that affect the drag coefficient. Turbulence of the 
flow, surface roughness and shape of the particle, wall effects that will be examined later 
on this thesis, compressible or incompressible fluids and rarefaction effects. Generally 
speaking, these physical effects can only be observed and taken into account through 
detailed experiments that provide empirical correction factors [27]. Torobin and Gauvin 
Figure 10: Drag coefficient as a function of Reynolds number [27] 
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indicate that there is a reduction of the critical Reynolds number because of the 
turbulence of the medium flow. The alteration from laminar to turbulent boundary layer 
is displaced in the direction of smaller Reynolds numbers as turbulent intensity increases 
As Sawatzki mentions, the critical Reynolds number can also be reduced because of the 
roughness of the spherical particle’s surface. Particle shape mandates additional 
differential equations to be solved for its motion which is something difficult, as the 
equations are solved for the particle coordination and a number of forces concerning the 
relative motion. The described situation was described by Rosendahl [27]. Most 
computations assume that the particle shape is spherical. If someone considers the 
particle not to be spherical, then some modified drag coefficients can be used. As 
particles move towards a rigid wall, a transverse lift force increases the drag coefficient. It 
is thus only possible to solve analytically for the wall effects only for small Reynolds 
numbers. 
When the pressure becomes low or even when the particle size is very small, rarefaction 
effects become significant as the collisions of gas molecules affect the particle motion and 
accordingly it can’t be considered as a continuous flow. Therefore, the drag coefficient is 
reduced. The significance of these effects may be evaluated as the ratio of the average 
free path of the gas molecules over the particle’s diameter which is defined as Knudsen 
number: 
𝐾𝐾𝑛𝑛𝜕𝜕 = 𝜆𝜆𝐷𝐷𝜕𝜕               (13) 
 
λ  is the average free path of the gas molecules :  
 
λ = 
𝜇𝜇𝑑𝑑0.499𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜 𝜌𝜌𝑑𝑑               (14) 
the average relative velocity among gas molecules is referred as 𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜 : 
 
𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜 = ( 8𝑝𝑝𝜋𝜋𝜌𝜌𝑑𝑑)12              (15) 
 
p is the pressure. The following figure 11 mentions the type of the flow regime and how 
the Knudsen number varies accordingly [27]: 
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2.4.2 Pressure Gradient and Buoyancy Force 
 
The local pressure gradient in the flow gives rise to the Buoyancy force. Buoyancy’s force 
direction is that of the pressure gradient. From the combination of the shear stress and 
the pressure gradient in the fluid it is: 
 
𝑑𝑑𝜕𝜕 = 𝑚𝑚𝜕𝜕𝜌𝜌𝜕𝜕 (−∇𝑝𝑝 + ∇𝜏𝜏)             (16) 
 
Pressure gradient and shear stress equal the fluid acceleration and gravity force through 
the fluid’s Navier-Stokes equation: 
 
−∇𝑝𝑝 + ∇𝜏𝜏 = 𝜌𝜌𝑑𝑑 �𝐷𝐷𝑢𝑢𝑑𝑑𝐷𝐷𝜕𝜕 − ?⃗?𝑔�              (17) 
 
Consequently, the total pressure force equals: 
 
𝑑𝑑𝑝𝑝���⃗ = 𝑚𝑚𝜕𝜕 𝜌𝜌𝑑𝑑𝜌𝜌𝜕𝜕 �𝐷𝐷𝑢𝑢𝑑𝑑𝐷𝐷𝜕𝜕 − ?⃗?𝑔�              (18) 
 
The first term of the above equation represents the fluid acceleration and the second one 
is the buoyancy force. As in gas-solid flows it is 𝜌𝜌𝑑𝑑
𝜌𝜌𝜕𝜕
≪ 1 the pressure force may be 
neglected. On the other hand, in liquid solid flows this force is significant since 𝜌𝜌𝑑𝑑
𝜌𝜌𝜕𝜕
≈1. 
 
Flow regime Range of Knudsen number
Continuum flow 0<KnP<0.015
Slip flow 0.015<KnP<0.15
Transition flow 0.15<KnP<4.5
Free molecular flow 4.5<KnP< ∞
Figure 11: Various regimes of flows with respect to particle motion [27] 
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2.4.3 Added Mass and Basset Force 
 
The additional inertia that a particle within a fluid adds onto its surrounding system in 
order to accelerate or decelerate is called the added mass. The Basset force “describes 
the force due to the lagging boundary layer development with changing relative velocity 
(acceleration) of bodies moving through a fluid” [35]. Both Basset and added mass forces 
can be solved analytically only for small Reynolds numbers. For higher particle Reynolds 
numbers, it is mandatory that empirical coefficients comparable to drag coefficients are 
used for all of the forces. The Basset force equals: 
𝑑𝑑𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑒𝑒𝜕𝜕 = 32𝑑𝑑𝑝𝑝2�𝜋𝜋𝜌𝜌𝑓𝑓𝜇𝜇𝑓𝑓 � 1√𝜕𝜕 − 𝜏𝜏 𝑑𝑑𝑑𝑑𝜏𝜏 �𝑢𝑢𝑓𝑓����⃗ − 𝑢𝑢𝑝𝑝����⃗ �𝑑𝑑𝜏𝜏𝜕𝜕0               (19) 
 
2.4.4 Body Forces 
 
Gravity force and the Coulomb force that evolves from the movement of a particle within 
an electric field as in filtration devices called “electrostatic precipitators” constitute the 
body forces. There is also the thermophoretic force which becomes significant for small 
particle movement in a flow characterized by high temperature gradient. The gravity force 
equals: 
 
𝑑𝑑𝑔𝑔���⃗ = 𝑚𝑚𝜕𝜕?⃗?𝑔              (20) 
 
For a particle moving inside an electric field of 𝐸𝐸�⃗  electric intensity where the electrical 
load is𝑞𝑞𝜕𝜕 , the Coulomb force equals 
 
𝑑𝑑𝑐𝑐���⃗ = −𝑞𝑞𝜕𝜕𝐸𝐸�⃗               (21) 
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2.4.5 Slip-Shear Lift Force 
 
A lift force is acting on particles in the vicinity of a higher slip velocity. This is due to the 
particles’ movement in a shear layer, as the relative velocity along with pressure 
distribution is non-uniform. As regards to a freely rotating particle with a constant 
velocity in a three dimensional shear flow, the slip shear force equals:  
 
𝑑𝑑𝐿𝐿𝐿𝐿 = 𝜌𝜌𝑑𝑑2 𝜋𝜋4 𝐷𝐷𝑝𝑝2𝐶𝐶𝐿𝐿𝐿𝐿𝐷𝐷𝑝𝑝 ��𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢𝑝𝑝����⃗ � × 𝜔𝜔𝑑𝑑�����⃗ �              (22) 
 
The lift coefficient equals: 
 
𝐶𝐶𝐿𝐿𝐿𝐿 = 4.1126𝑅𝑅𝑒𝑒𝐵𝐵0.5 𝑓𝑓(𝑅𝑅𝑒𝑒𝑝𝑝 ,𝑅𝑅𝑒𝑒𝐵𝐵)              (23) 
 
In the following figure, the dependence of the lift coefficient with the shear Reynolds 
number is shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Lift coefficient as a function of particle Reynolds 
number [27] 
Numerical study of gas-solid flow in a cyclone separator: A CFD investigation 
V. Gkoutzamanis  Page 24 
2.4.6 Slip-Rotation Lift Force 
 
Particles experience the Magnus force which is a lift force, as the particle spinning is not 
an entirely independent rotation from the flow. Particle-wall collisions may lead to 
excessive particle rotations and are often occurring in pipe or channel flows. The flow 
field around the particle is distorted due to particle’s rotation and is associated with a 
change of the stagnation points and a transverse lift force. The analytic expression stems 
from Rubinow and Keller:  
 
𝑑𝑑𝐿𝐿𝑅𝑅������⃗ = 𝜋𝜋𝑅𝑅𝑝𝑝3𝜌𝜌𝑑𝑑�𝛺𝛺�⃗ × (𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢𝑝𝑝����⃗ )                (24) 
 
Where the relative rotation 𝛺𝛺�⃗  equals: 
 
𝛺𝛺�⃗ = 12∇ × 𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢𝑝𝑝����⃗               (25) 
 
According to Crowe et al. a lift coefficient is introduced for higher particle Reynolds 
numbers and the slip-rotation force becomes [27]: 
 
𝑑𝑑𝐿𝐿𝑅𝑅������⃗ = 𝜌𝜌𝑑𝑑2 𝜋𝜋4 𝐷𝐷𝑝𝑝2𝐶𝐶𝐿𝐿𝑅𝑅|𝑢𝑢𝑑𝑑����⃗ −  𝑢𝑢𝜕𝜕����⃗ |   𝛺𝛺�⃗ × (𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢𝜕𝜕����⃗ )�𝛺𝛺�⃗ �               (26) 
 
The lift coefficient for small particle Reynolds numbers has the following form: 
 
𝐶𝐶𝐿𝐿𝑅𝑅 = 𝐷𝐷𝜕𝜕�𝛺𝛺�⃗ �|𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢𝜕𝜕����⃗ | = 𝑅𝑅𝑒𝑒𝑅𝑅𝑅𝑅𝑒𝑒𝑝𝑝               (27) 
 
Where: 
𝑅𝑅𝑒𝑒𝑅𝑅 = 𝜌𝜌𝑑𝑑𝐷𝐷𝜕𝜕2�𝛺𝛺�⃗ �𝜇𝜇𝑑𝑑               (28) 
 
is the Reynolds number of the rotating particles 
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2.4.7 Torque 
 
Rubinow and Keller produced the form of the torque acting on a particle that rotates 
because of the interaction with the fluid. Reynolds numbers for particles in this case are 
considered small and the fluid stagnates. In that case, the torque equals: 
 
𝑇𝑇�⃗ = −𝜋𝜋𝜇𝜇𝑑𝑑𝐷𝐷𝜕𝜕3𝜔𝜔𝜕𝜕�����⃗               (29) 
 
2.4.8 Response Time and Stokes Number 
 
The particle response time is used to characterize the potential that particles have to 
change their velocity or momentum in order to follow a sudden change in the 
surrounding fluid’s velocity which can usually occur with turbulent eddies. As it is noted in 
the simulations part, there are cases when particles tend to lose their velocity and follow 
the fluid’s velocity. The particle response time equals:  𝜏𝜏𝑝𝑝 = 𝜌𝜌𝑝𝑝𝐷𝐷𝑝𝑝218𝜇𝜇𝑑𝑑𝑓𝑓𝐷𝐷               (30) 
 
fD is the drag coefficient and equals: 
 
𝑓𝑓𝐷𝐷 = 𝐶𝐶𝐷𝐷𝑅𝑅𝑒𝑒𝑝𝑝24               (31) 
 
The particle response time becomes 
𝜏𝜏𝑝𝑝 = 𝜌𝜌𝑝𝑝𝐷𝐷𝑝𝑝218𝜇𝜇               (32) 
 
for a Stokes regime, as 𝑓𝑓𝐷𝐷 approaches unity. 
 
Stokes number is defined as the ratio of the particle response time (or droplet) over the 
flow response time 𝜏𝜏𝑑𝑑   
 
𝐿𝐿𝜕𝜕 = 𝜏𝜏𝑝𝑝
𝜏𝜏𝑑𝑑
              (33) 
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2.5 Predicting particle deposition within a Lagrangian framework 
 
In order to predict the particle deposition, two frameworks are considered: The 
Lagrangian which is mainly used here and the Eulerian framework. In Lagrangian 
framework, particles are tracked independently. Even if some particles have the same 
initial conditions and seem to be identical when entering the cyclone inlet, they follow a 
rather different path along their trajectory. Typically thousands of particles are tracked. 
The particles motion is determined by the solution of their motion equations. Forces 
such as the Basset force and the added mass that were examined previously can be 
neglected as the particle density is greater than the fluid density [26]. 
The fundamental equations solved are: 
𝑚𝑚𝑝𝑝 ∗
𝜕𝜕𝑢𝑢�⃗
𝜕𝜕𝜕𝜕
= ?⃗?𝑑              (34) 
?⃗?𝑑 is the sum of all forces acting on the particle 
𝑢𝑢�⃗  is the particle velocity vector and 
 𝑚𝑚𝑝𝑝  is the particle mass  
 
The fundamental force is the Drag force: 
𝑑𝑑𝑑𝑑 = 18 ∗ 𝜋𝜋 ∗ 𝑑𝑑2 ∗ 𝜌𝜌 ∗ 𝐶𝐶𝑑𝑑 ∗ |𝑢𝑢𝑐𝑐 | ∗ 𝑢𝑢𝑐𝑐               (35) 
 
Cd is the drag coefficient,  
d  is the particle diameter 
ur is the relative velocity of the particle and the fluid.  
 
The calculations can also include forces like buoyancy force, added mass force, a pressure 
gradient force and a term with rotating co-ordinates. The use of eddy lifetime model 
that’s been first described by Gosman and Ioannides [35] can be used to include the 
turbulence effect on the particles. The turbulence effect is modeled as it considers a 
series of random eddies which have a lifetime and random fluctuating velocities. The eddy 
lifetime equals: 
𝜕𝜕𝑒𝑒 = 1.512 ∗ 𝐶𝐶𝜇𝜇 34 ∗ 𝑘𝑘𝜀𝜀               (36) 
A random Gaussian distribution with standard deviation  (2𝑘𝑘3 )12 is used in order to draw 
the fluctuating fluid velocities.  
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The motion of the particle is modeled as a progression of interactions with the turbulent 
eddies. If an eddy occurring when 𝐼𝐼𝐸𝐸 > 𝜏𝜏𝑢𝑢𝑐𝑐  captures a particle, where 𝐼𝐼𝐸𝐸 is the length of 
an eddy and τ the relaxation time οf the particle, then for the entire eddy lifetime the 
fluctuating velocities that occur for the particle are held constant while the fluid velocity 
can vary. By the moment that an eddy’s lifetime ends, a newly eddy is generated. The 
highly accurate integration scheme in addition to the eddy lifetime model used, grant a 
detailed and accurate prediction of a particle’s movement and turbulent dispersion within 
computational fields. Nevertheless, particles are experiencing collisions near walls and 
behave differently. As a result, they are not modeled sufficiently and modifications need to 
be made. Particularly, a boundary layer must be included along with a thermophoretic 
force in order to account for problems that include heat transfer mechanisms. The 
bouncing of particles at walls in order to simulate the rough surfaces is bypassed by 
adding a random factor and the re-suspension of particles at a certain energy level is also 
considered. Such significant effects should also be taken into account when modeling [26]. 
 
2.6 Particle-Wall Collisions 
 
Particle-wall collisions are of great importance in narrow flows such as particle separation 
in cyclones. A particle’s trajectory impinges inelastically with the inner walls of the 
cyclone causing a momentum loss. Momentum is extracted from the fluid phase of the 
flow adding a reacceleration to the particle after the rebound. Consequently a pressure 
loss is provoked that depends on the average wall collision frequency or mean free path 
between subsequent particle-wall collisions. 
The wall collision frequency is determined by the parameters listed in figure 13: 
 
 
 
 
 
 
 
 
particle mass loading
dimensions of the confinement
particle response time or response distance
conveying velocity and turbulence intensity
particle shape and wall roughness
combination of particle and wall material
Figure 13: Parameters that affect wall collision frequency 
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2.6.1 Velocity Change during Wall Collisions 
 
There is a compression and a recovery period for the particles when they collide with 
walls. According to Crowe et al. [27], the solution of the classical mechanics momentum 
equations can be the tool for the translational and rotational velocities calculation. 
Three types of collisions may be distinguished: 
 
 
 
 
 
2.6.2 Wall Roughness Effects 
 
According to Sommerfeld, comparing to numerous experimental studies it has been 
shown that particle collision process is highly affected by the wall roughness [27]. The 
roughness angle distribution can be represented by a normal distribution function as it 
occurred from the experimental studies performed by Sommerfeld and Huber in 1999 
[27].The wall roughness formation along with the particle size are influencing the standard 
deviation of the normal distribution. Regarding small particles, for example of about 
100mm, the process of wall collision is strongly affected due to the roughness structure 
as they experience roughness at a higher level as it is shown in Figure 15(a). On the other 
hand, after the rebound effect where they tend to enter the flow again, they will adjust in 
such a fast way so that the wall roughness effect influences only at the zone near wall and 
will therefore not change the particle behavior at the main part of the flow. The wall 
roughness experienced from large particles is much smaller, as it is shown in figure 15(b).  
Large particles consist of greater inertia which means that they will encounter greater 
amounts of time in order to balance with the main flow after the rebound effect. This 
phenomenon is according to Sommerfeld the reason why wall roughness is more 
important for larger particles and their interaction with the main part of the flow [27]. 
 
 
 
 
 
Type 1: The particle stops sliding in the compression period
Type 2: The particle stops sliding in the recovery period
Type 3: The particle continues to slide along the wall during the whole collision process
Figure 14: Types of collisions for inelastic collision processes 
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Since the particles can’t reach the deep side of the roughness walls, the shadow effect is 
applied for small impact angles and consequently the roughness angle distribution is 
shifted to positive values. A transfer of momentum from the wall parallel component, to 
the normal component is implied due to the increased effective impact angle as compared 
to the particle trajectory angle with regard to the plane of the wall [27].  
 
2.7 Particle-particle collisions 
 
The effect of particle-particle collisions can be of great significance for particle volume 
fractions greater than 0.001. For the purpose of this thesis, particle-particle collisions are 
not taken into account since the flow is dilute according to the input values of the total 
flow rate of the particles against the total flow rate of the air. Although the particle flow 
rate is altered in several calculations that have been performed, the flow remains dilute. 
For example, for the inlet air flow rate of 1 and for the particle total flow rate of 2.6e-05 
kg/s, the flow maintains a dilute form and particle-particle collisions can be bypassed. In 
cyclone separators specifically, high levels of particle volume fractions are conducted at 
the zone near walls. Therefore, particle collisions are increased and a portion of particles 
is forced away from the wall zone. High levels of particle volume fractions affect the flow. 
The phenomenon is known as “two-way coupling” The opposite called “one-way 
coupling” applies for zones where particles are sparse and the volume fraction of the 
particles does not affect the flow [2]. 
Figure 15: Wall roughness effect for small (a) and large (b) particles [27] 
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3. Chapter 3 – Turbulence – Solution Procedure 
3.1 Turbulence 
 
Hinze[10] stated that: “Turbulent fluid motion is an irregular condition of flow in which 
various quantities show a random variation with time and space coordinates so that 
statistically distinct average values can be discerned”. In order to distinguish the behavior 
of the flow regime, a dimensionless number is used, called the “Reynolds number”. It is a 
measure of the inertial forces over the viscous forces. 
 
𝑅𝑅𝑒𝑒 = 𝜌𝜌 ∗ 𝑢𝑢 ∗ 𝐿𝐿
𝜇𝜇
              (37) 
 
Where u is the free stream velocity, ρ is the density of the fluid, L the travelled length of 
the fluid and μ is the dynamic viscosity of the fluid.  
The Reynolds number for values of Re<2300 and usually for low flow velocities, cause a 
laminar flow of the fluid, as viscous forces dominate [8].There is an intermediate phase of 
the flow that occurs as a mixture of laminar and turbulent flow and is referred as 
transitional flow. Reynolds numbers are approximately at about 2300 ≤ Re ≤ 4000. This 
particular regime of the flow maintains the laminar form near the edges of the pipe. At 
the same time, turbulence occurs at the middle part of the flow. Transitional flow is due 
to growing velocities and mass flow rates that boost inertial forces [8]. An additional 
increase of the mass flow rate create exclusively turbulent flow vortices, eddies and 
wakes at the entire part of the flow, making its shape extremely uncertain. Reynolds 
numbers for turbulent flows are Re ≥ 4000 and the inertial forces dominate over the 
viscous forces. The pattern of a turbulent flow obtains an extremely random shape with 
an arbitrary set of direction for the vectors of the flow field, due to the numerous 
occurring vortices and eddies. Consequently, the greater the Reynolds number, the 
relatively increased vortices, eddies and wakes are observed in the flow. One must note 
that the drag force on a particle traveling in a streamline of a turbulent flow is smaller 
than that of a laminar flow as it requires more time for a particle to be separated from 
the turbulent flow. This is an important issue for cyclones, as turbulence is the dominant 
pattern of the flow that characterizes them. 
Highly turbulent flows and therefore highly swirling flows enhance the diffusion of the 
fluid. Evolving vortices facilitate the fluid mixture as isolated particles interact with the 
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rest of the fluid easier, meaning that the mixing is more efficient. Both large and small 
vortices occur. Large vortices obtain kinetic energy from the mean flux by a procedure 
that is called vortex stretching in fluid dynamics. The additional kinetic energy causes a 
significant lengthening of a vortice towards a specific direction in the three dimensional 
field [15].  There is a heat transfer because of the movement of large eddies that contain 
kinetic energy which is then converted into heat. Large vortices dissolve into smaller ones 
and consequently, smaller vortices obtain energy mainly from the larger vortices instead 
of the mean flux. 
 
3.2 Turbulence models 
 
As it is already mentioned in chapter 2, turbulence can’t be solved analytically. There are 
three classifications of turbulence models in order to resolve the governing equations. 
The first type uses the Boussinesq assumption, stating that turbulence influences the flow 
by energetically increasing its viscosity. The second type of model is based on the 
Reynolds-Stress equation and resolves the equations of the additional unknowns that 
occur from the Reynolds-averaging process. This type of modeling, such as the Reynolds 
Stress Model (RSM), is more appropriate to model the cyclone flow and it is mentioned in 
most of the literature as well. The third classification of model is the most impractical for 
engineering exercise and is referred as Direct Numerical Simulation (DNS). The 
computational requirements for this type of model are demanding. 
 
3.2.1 Reynolds Averaged Navier Stokes (RANS) Turbulence models 
 
In most instances, the turbulence models are based on the Navier-Stokes equations that 
are averaged over a specific time period much larger than the timescales of the turbulent 
fluctuations, and result in the Reynolds time averaged equations of motion [22]. The 
occurring additional terms are called Reynolds stresses. The Reynolds stresses must be 
modeled roughly. The Reynolds Averaged Navier Stokes equations to be resolved are: 
 
 
𝜕𝜕𝑢𝑢𝑗𝑗���⃗ = 0              (38) 
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𝜕𝜕𝑢𝑢𝑖𝑖���⃗
𝜕𝜕𝜕𝜕
+ 𝑢𝑢𝑗𝑗���⃗ 𝜕𝜕𝑢𝑢𝑖𝑖���⃗𝜕𝜕𝑥𝑥𝑗𝑗 = − 1𝜌𝜌 𝜕𝜕𝜕𝜕�⃗𝜕𝜕𝑥𝑥𝑖𝑖 + 𝑣𝑣 ∗ 𝜕𝜕2𝑢𝑢𝑖𝑖���⃗𝜕𝜕𝑥𝑥𝑗𝑗 ∗ 𝜕𝜕𝑥𝑥𝑗𝑗 − 𝜕𝜕𝜕𝜕𝑥𝑥𝑗𝑗               (39) 
 
The (𝑢𝑢𝑖𝑖′𝑢𝑢𝑗𝑗′��������⃗ ) factor is the Reynolds stress tensor 𝜏𝜏𝑖𝑖𝑗𝑗 that was presented in Chapter 2. 
In general, industrial simulations of turbulent flows are handled using the k-ε, k-ω or 
Reynolds Stress Models (RSM).RANS models offer the most economic approach for 
computing complex turbulent industrial flows and are used in this thesis. The RANS 
models applied are the k-ε, the k-ω and the more complex models called Reynolds Stress 
Models. The different forms of the k-ε models are the Standard, the RNG and the 
Realizable models. Similarly the k-ω forms are the Standard and the SST models. These 
models simplify the problem by solving an additional two transport equations to the 
RANS equations and compute the Reynolds Stresses by using an Eddy-Viscosity (turbulent 
viscosity).For every independent Reynolds Stress, six individual equations and a scale ε or 
ω equation are solved by the Reynolds Stress Models. The different forms of the 
Reynolds-Stress models are the Linear Pressure-Strain, the Quadratic Pressure-Strain and 
the Stress-Omega. RANS models are suitable for many engineering simulations and 
typically provide the level of accuracy required [12]. 
 
k-ε Models  
 
Two-equation models are historically the most widely used turbulence models in the 
CFD industry. They solve two transport equations in addition to the RANS equations and 
use the Eddy Viscosity approach in order to model the Reynolds stresses. Although these 
models are popular for a wide range of turbulent flows, they are not the most accurate 
models for the cyclone separator simulations [12]. Especially in high swirling flows, these 
models have been shown to be inadequate as they lead to excessive levels of turbulence 
viscosity and unrealistic shapes of velocity contour [24]. According to ANSYS FLUENT, it 
is recommended to use the k-ε model in conjunction with the Enhanced Wall Treatment 
(EWT) [12], and hence include thermal effects and pressure gradient in the calculation. 
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k-ω Models  
 
There are several advantages of the ω compared to the ε-equation. First of all, the ω-
equation is integrated without any additional terms regarding the viscous subunits. Hence, 
the Enhanced Wall Treatment (EWT) option becomes relatively easy to adopt and apply. 
Moreover, k-ω models are usually better in presuming opposing pressure gradient for 
flows near the wall boundary layers and separation. On the other hand, the drawback of 
the ω equation is that there is a nearly strong relation of the solution that is a function of 
the outer part of the shear layer and the free-stream values of k and ω. The 
aforementioned reason is why the standard k-ω model is not recommended in ANSYS 
Fluent [12]. 
An additional option of the k-ω model is the SST k-ω model. This option has exclusively 
been developed to avoid the free-stream sensitivity of the previously mentioned standard 
k-ω model as it incorporates components of the ε and ω equations. Likewise, the SST k-
ω model has been adjusted to simulate flow separation from smooth surfaces precisely. 
Consequently, SST is the most appropriate of the k-ω options and is recommended by 
the ANSYS Fluent regarding the k-ω models.  The Enhanced Wall Treatment is similarly 
used in this model as a default option [12]. 
 
RSM Models  
 
Eddy-Viscosity models cannot efficiently manage some of the parameters included in the 
Reynolds Stress models (RSM).The most crucial parameter is the balancing of turbulence 
due to strong swirling effects and streamline curves which are highlighted in Chapter 5. 
On the contrary, RSM requires greater computing time than the Eddy-Viscosity models as 
there are additional equations to be solved, but mainly due to the reduced convergence 
that occurs through the calculations .However, this does not mean that RSM is most 
appropriate for every engineering application and hence, it’s not always the most accurate 
model [12]. Their usage should accordingly be used in applications such as of high swirling 
flows like cyclone separators. The standard Reynolds Stress model used in this thesis is 
based on the ε equation [28]:  𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜌𝜌 ∗ 𝑢𝑢𝑖𝑖 ∗ 𝑢𝑢𝑗𝑗 � + 𝜕𝜕𝜕𝜕𝑥𝑥𝑘𝑘 (𝑈𝑈𝑘𝑘 ∗ 𝜌𝜌 ∗ 𝑢𝑢𝑖𝑖 ∗ 𝑢𝑢𝑗𝑗 ) = 𝜕𝜕𝑖𝑖𝑗𝑗 + 𝜑𝜑𝑖𝑖𝑗𝑗 + 𝜕𝜕𝜕𝜕𝑥𝑥𝑘𝑘 ��𝜇𝜇 ∗ 𝛿𝛿𝑘𝑘𝑜𝑜 + 𝑐𝑐𝐵𝐵 ∗ 𝜌𝜌 ∗ 𝑘𝑘𝜀𝜀 ∗ 𝑢𝑢𝑖𝑖 ∗ 𝑢𝑢𝑗𝑗 � ∗
𝜕𝜕𝑢𝑢𝑖𝑖∗𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑜𝑜
� −
23 ∗ 𝛿𝛿𝑖𝑖𝑗𝑗 ∗ 𝜌𝜌 ∗ 𝜀𝜀            (40) 
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3.2.2 Eddy Simulations 
 
The main characteristic of turbulent flows are the eddies that vary in length and time 
scale. The largest eddies carry greater amounts of energy than the smaller ones and their 
size, is comparable to the size of the mean flow characteristic length. Turbulence kinetic 
energy is dissipated due to the smaller eddies. There is a possibility of resolving the whole 
spectrum of turbulent scales, by using DNS referred as “direct numerical simulation” in 
the literature, but it will not be further analyzed here. Despite the fact that DNS does not 
require any modeling, it is not feasible for applications that involve high Reynolds 
numbers. In Large Eddy Simulation model (LES) that is also used in a simulation of this 
thesis, large eddies are resolved instantly, while small eddies are removed and modeled. 
The mesh is much coarser and the size of the time step is greater than in Direct 
Numerical Simulations. The LES model demands a lot finer meshing than the typical used 
mesh for the RANS calculations. As in this model the large eddies are resolved instantly, 
they require greater effort, computational time and requirements in terms of RAM. 
Consequently, it is necessary that high-performance computers are to be used for LES 
especially in industrial applications such as cyclone separators used in this thesis [34]. 
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3.3 Procedure 
 
The simulations are performed on the Stairmand cyclone geometry. However, the first 
step towards the better understanding of the cyclone physics was made in a general 
design that consists of a rectangular input and a single outlet at the bottom of the conical 
part (figure 16a). The geometry of the first cyclone has been created in ANSYS Workbench 
14.5 and the mesh was generated in Gambit grid generator. 
The main aim is to study the crucial impact that some parameters have on the flow 
pattern inside the cyclone. The importance of how particle diameter and density influence 
the flow is depicted in the general and the Stairmand design as well. 
According to the literature review and the first simulations on the general design, it was 
presumed that the vortex finder would completely change the results and behavior of the 
flow. Therefore, the simulations moved on with a second cyclone geometry, which is a 
Stairmand high efficiency cyclone with a tangential inlet and two pressure outlets at the 
bottom and top respectively (figure 16b). The geometry of the second cyclone has been 
created in Solidworks 2010(x64 Edition) while its mesh was generated in a standalone mesh 
generator called ANSA, by BETA CAE systems SA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: (a) The geometry of the initial general design of cyclone,   
(b) the Stairmand cyclone 
(a) 
 
 
 
 
(b) 
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Table 2 
The values of geometrical parameters for the two designs of Figure 16(D1=0.400m D2=0.205m) 
Cyclone a/D b/D De/D S/D Lb/D Lc/D Dd/D 
General 
Design(D=D1) 
0.50 0.25 N/A N/A 0.75 0.75 0.40 
Stairmand 
Design(D=D2) 
0.50 0.20 0.50 0.50 1.50 2.50 0.375 
 
 
 
Figure 17: Stairmand cyclone dimension scheme 
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3.4 Meshing 
 
Gambit and ANSA are used to generate the mesh for the CFD solver. These programs 
allow the user to choose among numerous settings of mesh, depending on the area of 
each geometry that is about to be meshed.  
The flow field form in a cyclone is very intricate. High swirling flows, including excessive 
levels of turbulence, strong anisotropy and three-dimensionality are typical of the flow 
field pattern inside the cyclone body [16]. So as to proceed with a successful CFD 
simulation for excessively turbulent flows, special treatment must be given for the whole 
computational domain and the grid design particularly, since turbulence is a crucial means 
of energy transportation within the flow of the fluid. For example, in the Stairmand 
geometry, the grids at the zone near wall and vortex finder are dense, while at the zone 
away from wall at the interior of the cyclone, the grids are sparse [7]. Denser grids 
consist of more elements which are requisite to resolve in areas with increased 
fluctuations regarding variables such as velocity, pressure, viscosity and turbulence. The 
grid refinement is of great importance since it can result in more accurate results with a 
better convergence [9].  
The shape of the grid used in each study can be either structured or unstructured, 
depending on the needs of the simulation. Unstructured grid requires less time to 
generate, however due to its “chaotic” shape, it takes more time for the solver to 
calculate, as it resolves in each node separately. On the other hand, structured grid 
requires much more time to be spent on grid design, since it is created in great detail, 
taking advantage of the numerous settings offered by the grid generator software. The 
CFD solver resolves a structured grid much faster than an unstructured grid. 
A total number of about 92289 structured hexahedral cells for the first cyclone design 
and 80286 structured hexahedral cells for the Stairmand high efficiency cyclone are 
adequate to obtain a grid-independent solution. Further mesh refinement, would yield 
only a small and insignificant change to the final solution. Both meshes are shown in figure 
17 and 18 respectively.  
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Figure 18: Grid representation of the general design 
Figure 19: Grid representation of the Stairmand cyclone 
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4. Chapter 4 – Simulations – Turbulent flow 
4.1 Simulation Conditions  
 
Simulations are performed in ANSYS 14.5 in three dimensions (3D) (figure 19).  
Seventeen different cases are examined and their results are discussed. The main goal is 
to focus on the physics of every case and examine the behavior of the flow and particles 
each time. 
 
 
 
 
 
 
 
 
 
The flow is a two-phase flow with air and particles of numerous diameters injected 
through the tangential inlet at the side of the cyclone’s cylinder. The effect of particle 
diameter and density is examined and how this affects the flow field. Particle tracks for all 
different values of diameter, density and the various boundary conditions and specification 
methods are shown in each case. Particle accumulation that is observed at the bottom of 
the cyclone is typical of the particle behavior in most simulations, mentioned in the 
literature as well. Each case includes a plane of the flow, representing both contours and 
vectors of velocity distribution, in order to behold the pattern of the flow field. 
Literature points out that many of the CFD simulations of cyclone separators have been 
performed using a steady state solver. However, the real flow field corresponds only to 
time dependent problems and must therefore be solved by a transient state solver [29]. 
As it is already mentioned in Chapter 3 regarding the LES models which mandate the 
transient solver, great computational effort in terms of RAM is needed. Case 17 describes 
a simulation of a LES used with the Bounded Second Order Transient Formulation. K-ε 
model used in most cases has been the most appropriate in terms of computational 
capabilities.  
 
 
Figure 20: ANSYS 14.5 start up window 
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4.2 Initial conditions – Case 1 
 
Regarding the entire simulation process, some conditions were not altered. The type of 
the solver was adjusted as pressure-based, while the velocity formation was absolute. 
Gravitational acceleration was added in Y axis (-9.81 m/s2). The density and viscosity of 
the air maintained the default and normal values while the wall density was kept constant 
in each case at 2719kg/m3. Reference values, under relaxation factors and initial values of 
the solution initialization adhered to default values (figure 20). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As far as the first case is concerned, laminar flows can be observed for low Reynolds 
numbers where viscous forces dominate, before the transition in turbulent flows. In 
cyclone separators, laminar flows are considered as ideal frictionless flows where the 
pathlines follow the contours as the flow enters the rectangular inlet. In figure 21(b), the 
velocity contours represent that there is no axial symmetry of the forced vortex and the 
body of the cyclone separator. Furthermore, there is a discrepancy of the flow and the 
model selected which can be normally explained as the calculated Reynolds number for 
the particular flow describes a turbulent flow. This discrepancy is shown in particle traces 
figure, compared to the pathlines of the fluid. Regarding all cases, two-dimensional axis 
represents either velocity or pressure plane while three-dimensional depicts the flow field 
in order to examine specific areas or behavior of the flow pattern inside the cyclone. 
GeneralType Pressure basedVelocity formulation AbsoluteGravitational acceleration(m/s2) (Y) : -9.81
MaterialsAir density(kg/m3) 1.225Air viscosity(kg/m-s) 1.7894E-05Aluminium-wall density (kg/m3) 2719
Reference ValuesArea (m2) 1Density (kg/m3) 1.225Enthalpy (j/kg) 0Length (m) 1Pressure (Pascal) 0Temperature (K) 288.16Velocity (m/s) 1Viscosity (kg/m-s) 1.7894E-05Ratio of Specific Heats 1.4
Solution Controls-Under Relaxation FactorsPressure 0.3Density 1Body Forces 1Momentum 0.7Turbulent Kinetic Energy 0.8
Solution InitializationGauge Pressure (Pascal) 0X Velocity (m/s) 0Y Velocity (m/s) 0Z Velocity (m/s) 0Turbulent Kinetic Energy (m2/s2) 1Turbulent Dissipation Rate (m2/s3) 1
Figure 21: Initial conditions used in all cases 
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Contours of static pressure (a) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
Vectors of velocity magnitude (c) Contours of velocity magnitude (b) 
Figure 22: Case 1 Graphs 
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4.3 Case 2,3,4,5 analysis 
 
In cases 2, 3, 4 and 5, the standard k-ε model was chosen as it is particularly referred as a 
feasible model for cyclone separator simulations, used in most of the literature. The 
scope was to examine the physics that arise for different particle diameters injected 
through the inlet. Particle density and the velocities of both gas and particles at the inlet 
were kept constant.   
Four types of particles were injected with diameters of 1μm, 29.9 μm, 90 μm and 200 μm 
respectively. It is observed that the pathlines and particle traces differ. The smallest 
particles have the smallest residence time. As mentioned in theory, for particles with a 
smaller diameter than the critical, they are collected directly or escape the cyclone. In 
larger particles of case 5, the residence time is much greater as they remain in cyclone for 
a greater period than smaller ones. They maintain a circular motion in the cylinder and 
conic part as their diameter is larger than the critical value.  
The contours of static pressure in all four cases, introduce a radial decrease of static 
pressure from the wall area up to the center and main axis of the cyclone. The negative 
pressure zone appears in the vortex finder region meaning that there is a negative 
pressure section in the center of the cyclone. 
Figure 22(c) illustrates the model predicted vectors of velocity magnitudes of flow field 
within the cyclone. The velocity vector displays some of the minor flow patterns in the 
cyclone flow field. The magnitude of velocity vectors at the bottom outlet tends due to 
the narrowing area of the cone. 
Another feature typical of cyclone separators can be seen in figure 24(e), representing the 
pathlines by velocity magnitude. The air at the zone near walls is relatively slow, causing 
particles to drop and accumulate into the bottom. The higher air velocities are located 
near the vortex finder zone as the air exits up the central core.  
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
Figure 23: Case 2 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (e) Pathlines by velocity magnitude (d) 
Figure 24: Case 3 Graphs 
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Particle Traces by Particle Residence Time (d) Pathlines by velocity magnitude (e) 
Vectors of velocity magnitude (c) 
 
Contours of velocity magnitude (b) 
Contours of static pressure (a) 
Figure 25: Case 4 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Pathlines by velocity magnitude (e) Particle Traces by Particle residence time (d) 
Figure 26: Case 5 Graphs 
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4.4 Case 6, 7,8,9,10,11 analysis 
 
The aim of cases 6 and 7 was to double and halve density respectively, in order to 
see how the flow corresponds to these changes. In case 6, density is doubled up to 
the value of 3000 kg/m3 while in case 7 the density equals 700 kg/m3. The denser the 
field the smaller is the residence time of particles as they escape the cyclone faster. 
Due to density differences and as the diameter narrows at the conical section, the 
denser particle field forces particles to drift towards the inner walls faster and 
become separated from the inner vortex faster, as centrifugal acceleration is larger 
in that case. The velocity is near zero on the wall and the centre of the flow field as 
in previous cases. As the gas revolves down along the wall, a velocity decrease is 
observed.   
In case 8, the density is set to 3320kg/m3 which is near the 6th case. However, the 
Realizable k-ε model is applied. According to theory, Realizable k-ε model is good for 
flows including complex behavior as in separating and high swirling flows [30].  
In case 9, the specification method is changed to “intensity and hydraulic diameter”. 
The inlet is considered as a rectangular duct and its hydraulic diameter is calculated 
to 0.058m. The reason why this method is chosen and retained in all the remaining 
cases is that if there is any reverse flow in a model such as in cyclone separators, 
then it is needed to specify the back flow specification method. Otherwise, the 
default setting "normal to Boundary" is appropriate as it is referred in fluent 14.5 
theory guide. 
In case 10, the Rosin-Rammler diameter distribution is implemented as only one type 
of particles was so far injected through the tangential inlet. The Rosin-Rammler 
distribution takes into consideration a variety of particles with their minimum, 
maximum and mean diameter is set in the injections option. 
For the 11th case, the different model of RNG k-ε model is applied. It has similar 
advantages with the Realizable k-ε model but still does not predict the spreading of a 
round turbulent jet correctly. 
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Pathlines by velocity magnitude (e) Particle Traces by Particle residence time (d) 
Vectors of velocity magnitude (c) Contours of velocity magnitude (b) 
Contours of static pressure (a) 
Figure 27: Case 6 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
Figure 28: Case 7 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude e) 
Figure 29: Case 8 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
 Figure 30: Case 9 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
Figure 31: Case 10 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
Figure 32: Case 11 Graphs 
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4.5 Case 12-13-14 analysis 
 
 
As the research of this thesis moves further on, the next step is to further improve 
the simulation of the cyclone flow by applying the Reynolds Stress Model (RSM). 
Cases 12, 13 and 14 respectively are solved under the RSM model. According to 
literature review that has been mentioned so far, the Reynolds Stress Model is the 
most accurate in predicting the gas flow field in a cyclone separator at any given 
operating conditions. As it is observed in figure 32(b) of case 12, there are no 
significant differences in the velocity contours figure compared to the previous 
formulations. The velocity profile doesn’t appear to be continuous and can be 
associated to a turbulent behavior. The RSM does not provide a better simulation of 
the field in this case mainly due to geometry issues. The trend of particles 
accumulating at the bottom of the cone is spotted.  
In cases 13 and 14, turbulent dispersion is enabled in order to apply a turbulent 
behavior on particles and contemplate how they interact with the gas flow. The 
turbulent dispersion is a mandatory step towards the most accurate simulation of 
the flow inside a cyclone separator as it provides a degree of physical realism and 
enhances stability over the discrete phase and the gas phase. This option provides a 
realistic behavior on the flow as particles are injected as individual mass loadings and 
not as individual injections. Therefore, each injection follows a different path.  As it 
can be seen in figure 33(e) particles tend to lose their velocity and gain the gas flow 
velocities. In case 13, discrete random walk model through the “Stochastic Tracking” 
option is enabled and accounts for local variations in flow properties. A velocity of 
10m/s is bestowed on z axis while at the same time it is 15m/s. 
In case 14, cloud model is enabled, using statistical methods to trace the turbulent 
dispersion of particles about a mean trajectory. Figure 34(c) of the velocity vectors is 
clearly showing that discrete random walk model is describing the flow with a grade 
of accuracy. In this moment, it should be noted that the supplementary escape 
boundary condition was employed so that particles would escape through the top or 
bottom outlet. Nevertheless, it must not be disregarded that RSM model is used in 
both cases. Hence, the simultaneous use of RSM and discrete random walk model describe 
the flow better so far.  
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
Figure 33: Case 12 Graphs 
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Contours of static pressure (a) 
Vectors of velocity magnitude (c) Contours of velocity magnitude (b) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
Figure 34: Case 13 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle residence time (d) Pathlines by velocity magnitude (e) 
Figure 35: Case 14 Graphs 
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4.6 Case 15-16-17 analysis 
 
So far, the 13th case is considered the most accurate simulation of the flow. Cases 
15, 16 and 17 are an attempt to observe the particle behavior, regarding their 
diameter. 
In the 15th case, the Realizable k-ε model was applied in conjunction with Enhanced 
Wall Treatment. The only notable fact in this case is that particles with larger 
diameter tend to accumulate at the bottom while others even escape through the 
vortex finder outlet as in figure 35(d). There is a significant pressure drop as 
compared to the inlet area and the outlet at the bottom which is due to short 
circuiting flow as the velocity decreases from the inlet point. Velocities are near zero 
at the center of the cyclone body. 
The 16th case involves the k-omega model with a halved diameter as compared to 
the previous case. Rossin ramler diameter distribution is also used. Once again it is 
seen that heavier particles tend to spin down along the cyclone body while others of 
a smaller diameter revolve reversely to the top at the exit outlet. K-omega is a good 
detector for a swirl flow but not of the same accuracy as the RSM model. 
In the last case, Large Eddy Simulation model was applied. This case was the only 
one, using a transient solver. It took several hours for the simulation to be 
completed as it was a matter of computational effort and seemed to be the most 
immense in terms of time and CPU usage. In figure 37(d) we can see that a bigger 
diameter is relative to a greater residence time. Regarding the contours of velocity 
magnitude, the field is not continuous and can be correlated to a turbulent field. 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle diameter (d) Pathlines by velocity magnitude (e) 
Figure 36: Case 15 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) Vectors of velocity magnitude (c) 
Particle Traces by Particle diameter (d) Pathlines by velocity magnitude (e) 
Figure 37: Case 16 Graphs 
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Contours of static pressure (a) 
Contours of velocity magnitude (b) 
Pathlines by velocity magnitude (c) 
Particle Traces by Particle diameter (e)
 
      
Particle Traces by Particle residence time (d)
 
      Figure 38: Case 17 Graphs 
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5. Chapter 5 – Conclusions 
 
A CFD investigation is conducted in order to examine the flow field pattern inside a 
cyclone separator. Cyclone separators function as gas cleaners and the clean gas is 
used in generating power and heat in biomass small scale cogeneration plants. 
Particles with identical initial and boundary conditions that are injected through a 
different point at the inlet, follow different trajectories and can be either collected or 
exit through the vortex finder. Additionally, particles injected through the same 
point, do not follow the same path inside the flow.  
Regarding the two geometries, it is observed that the tangential inlet bestows a high 
spiraling move to the fluid flow. Different geometries of cyclones, for the same 
conditions of a flow do not yield the same flow patterns or same separation 
efficiency. The additional exit at the top of the Stairmand cyclone applies a different 
behavior on the flow and results in different results. However, the physics of each 
problem follow the same rules as particles act similarly for twice the size of their 
diameter or half their density in both cases. 
Density differences between air and particles play an important role since they 
impose that the centrifugal forces acting on particles will lead them at the bottom 
exit so as to be collected or at the top outlet in order to be separated. All in all, 
density is a crucial factor that determines the flow field pattern. 
As regards the flow field and the particle traces, it is perceptible that particles are 
separated from the air as their trajectories are mainly led at the bottom while on the 
other hand, the air flow regime is inversely moving upwards. Some cases 
demonstrate that there is a critical value of the diameter for which some particles 
with smaller diameters act differently and follow the air’s flow through the vortex 
finder at the top of the cyclone. 
Furthermore, numerous models of turbulence are applied as some describe highly 
swirling flows better. Additional parameters are taken into consideration, step by 
step in each case, aiming to describe the fluid flow in the most accurate way with 
respect to the computational hardware and software restrictions. The amount of 
data within the resolution of the grid limited the CPU performance. 
Despite the fact that the k-ε and k-omega are faster in terms of computational effort, 
the RSM model describes the flow better as the predicted flow pattern quality is 
correct and most accurate. The combination of the discrete random walk model in 
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the stochastic tracking and the Reynolds Stress Model describe the field inside the 
cyclone with increased accuracy. 
The exclusive use of steady flow in almost all of the simulations has been relatively 
accurate and succeeded in describing the flow pattern. However, such high swirling 
flows as inside cyclone separators necessitate precise methods due to the complex 
unsteady flows that occur. The simplest of the transient approaches is not that 
feasible as it requires much more computational effort and additionally the RAM 
requirements are increased. 
CFD simulations describe the particle separation with accuracy and can be therefore 
be used to evaluate the cyclone performance. Last but not least, they constitute a 
relatively inexpensive method of a flow approximation. 
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APPENDIX I 
 
The governing equations for mass, momentum and energy are presented here: 
 
 
Mass conservation equation 
 
𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕
+ ∇ ∗ (𝜌𝜌 ∗ 𝑢𝑢�⃗ ) = 𝐿𝐿𝑚𝑚  
 
The terms on the left hand side represent accumulation and convection of mass 
respectively, whereas 𝐿𝐿𝑚𝑚  is a source term that describes mass added to the 
continuous phase e.g. through evaporation of the dispersed phase. [2] 
 
 
Momentum conservation equation 
 
Also known as the Navier-Stokes equations they often come in combination with the 
mass conservation equation. In Fluent the conservation equation of momentum takes 
the shape as: 
 
𝜕𝜕(𝜌𝜌𝑢𝑢�⃗ )
𝜕𝜕𝜕𝜕
+ ∇ ∗ (𝜌𝜌 ∗ 𝑢𝑢�⃗ ∗ 𝑢𝑢�⃗ ) = −∇𝑝𝑝 + ∇𝜏𝜏 + 𝜌𝜌?⃗?𝑔 + ?⃗?𝑑 
 
 
The term on the left hand side represents accumulation and convection of 
momentum respectively. The first two terms on the right hand side represents the 
pressure and shear forces respectively. The last terms are ρ*g�⃗  which represents the 
gravitational force and F�⃗  which is external body forces. [3] 
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Energy conservation equation 
 
The energy conservation equation solved in Fluent is displayed as the following 
equation: 
 
𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕
+ ∇ ∗ �𝑢𝑢�⃗ (𝜌𝜌𝜌𝜌 + 𝑝𝑝)� = ∇ ∗ (𝑘𝑘𝑒𝑒𝑓𝑓𝑓𝑓 ∇𝑇𝑇 + �𝑇𝑇𝑒𝑒𝑓𝑓𝑓𝑓 ∗ 𝑢𝑢�⃗ � + 𝐿𝐿ℎ  
 
The terms on the right hand side of the equation correspond to conduction, 
diffusion, viscous dissipation and a source term treating volumetric heat sources, e.g. 
chemical reaction respectively. On the left hand side the accumulation and 
convection terms for energy are found. [3] 
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